Salmonella enterica serovar Typhimurium uses the Salmonella Pathogenicity Island 1 1 (SPI1) type III secretion system to induce inflammatory diarrhea and bacterial uptake into 2 intestinal epithelial cells. The expression of hilA, encoding the transcriptional activator of the 3 SPI1 structural genes, is directly controlled by three AraC-like regulators, HilD, HilC and RtsA, 4 each of which can activate the hilD, hilC, rtsA, and hilA genes, forming a complex feed-forward 5 regulatory loop. A large number of factors and environmental signals have been implicated in 6 SPI1 regulation. We have developed a series of genetic tests that allow us to determine where 7 these factors feed into the SPI1 regulatory circuit. Using this approach, we have grouped 21 of 8 the known SPI1 regulators and environmental signals into distinct classes based on observed 9 regulatory patterns, anchored by those few systems where the mechanism of regulation is best 10 understood. Many of these factors are shown to work post-transcriptionally at the level of HilD, 11 while others act at the hilA promoter or affect all SPI1 promoters. Analysis of the published 12 transcriptomic data reveals apparent co-regulation of the SPI1 and flagellar genes in various 13
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conditions. However, we show that in most cases, the factors that affect both systems control 14 SPI1 independently of the flagellar protein FliZ, despite its role as an important SPI1 regulator 15 and coordinator of the two systems. These results provide a comprehensive model for SPI1 16 regulation that serves as a framework for future molecular analyses of this complex regulatory 17 network. 18
INTRODUCTION During infection, Salmonella enterica serovar Typhimurium induces inflammatory 19
diarrhea and invades non-phagocytic epithelial cells using the Type III Secretion System (T3SS) 20 encoded on Salmonella Pathogenicity Island 1 (SPI1) (Galan & Curtiss, III 1989; Watson et al. 21 1998; Tsolis et al. 1999; Wallis & Galyov 2000) . The T3SS apparatus is a needle-like structure 22 that injects bacterial effector proteins into the host cell cytosol. A subset of these proteins is 23 required to promote actin cytoskeletal rearrangements leading to the engulfment of the bacterium 24 (Zhou & Galan 2001) . Structural genes for the assembly of the functional T3SS apparatus and 25 several effector proteins are encoded in the SPI1 prg/org, inv/spa, and sic/sip operons, while 26 other effectors are encoded elsewhere on the chromosome. The SPI1 locus also encodes several 27 regulators of the system. 28
One goal of systems biology is a complete description of biological molecular networks, 29 including the components, their interactions, and environmental inputs, with a hope of revealing 30 emergent properties that are otherwise not apparent during studies of individual constituents. We 31 strive for such an in-depth understanding of SPI1 regulation. Based on our genetic analyses and 32 results from numerous other investigators, we have clarified the roles of a number of key 33 regulators and effectively established the central regulatory framework of the SPI1 system 34 (Ellermeier et al. 2005) . SPI1-encoded HilA directly activates expression of the prg/org and the 35 inv/spa operons, the latter encoding the AraC-like regulator InvF (Bajaj et al. 1995; Darwin & 36 Miller 1999; Eichelberg & Galan 1999; Lostroh & Lee 2001) . InvF, in complex with SicA, then 37 activates expression of a number of genes encoding secreted effectors including the sic/sip 38 operon, sopE, and sigD (Darwin & Miller 2000; Darwin & Miller 2001) . Three AraC-like 39 regulon and presumably acts to coordinate flagellar expression with other systems in the cell, 63 including SPI1 and the RpoS regulon (Saini et al. 2008; Pesavento et al. 2008; Chubiz et al. 64 2010; Saini et al. 2010d) . FliZ also works at the level of HilD protein to positively control its 65 activity (Chubiz et al. 2010) . The action of Fur in SPI1 regulation is more complicated (Troxell 66 et al. 2010; Teixido et al. 2011) , but also requires HilD (Ellermeier & Slauch 2008) . 67
Through our experiences characterizing the regulatory factors described above, we have 68 developed a set of genetic assays that allow us to determine where any given factor feeds into the 69 SPI1 regulatory circuit. Here, we utilize this system to characterize the role of approximately 20 70 regulatory factors and environmental conditions. Although the molecular details await further 71 analysis, using our system and taking into account published data, we have grouped the known 72 regulators of SPI1 into distinct classes. Our results provide increasing evidence for the feed-73 forward loop model of SPI1 regulation, and give insights into the mechanism of action of 74 individual regulators. Our data suggest that the majority of SPI1 regulators control HilD post-75 transcriptionally (Class I, II, V), consistent with the idea that HilD acts as a major point of 76
integration of regulatory signals. Class III and Class IV regulators control the system at the level 77 of hilA or affect promoters of all genes in the feed-forward loop, respectively. 78
Flagella are secreted and assembled via a distinct T3SS. The flagellar regulon contains 79 more than 60 genes grouped into classes according to their transcriptional hierarchy (Frye et al. 80 2006) . The class I genes encode the FlhD 4 C 2 transcriptional activator, which activates class II 81 genes encoding proteins required for the assembly of the flagellar hook-basal body, as well as the 82 alternative sigma factor FliA and the anti-sigma factor FlgM. Upon completion of the hook-basal 83 body, FlgM is secreted, freeing FliA to activate class III operons that encode flagellin subunits 84 and motor proteins (Ohnishi et al. 1992; Hughes et al. 1993) . FliZ, encoded in an operon with 85 fliA, indirectly enhances class II flagellar genes expression by post-translationally affecting 86 FlhD 4 C 2 (Ikebe et al. 1999; Saini et al. 2008; Saini et al. 2010b; Wada et al. 2011) . FliZ also 87 positively regulates hilA expression (Eichelberg & Galan 2000; Lucas et al. 2000; Iyoda et al. 88 2001; Chubiz et al. 2010 ) thus serving as an important connection between the flagellar and SPI1 89 systems. Despite the co-regulation of SPI1 and flagellar genes revealed by several microarray 90 experiments, we show that a limited subset of the known SPI1 regulatory factors affect the 91 system by controlling the flagellar regulon and hence function through FliZ. Overall, our results 92 confirm that detailed genetic analyses are required to gain a full understanding of complex 93 biological networks. 94
MATERIALS AND METHODS
Bacterial strains and growth conditions: All Salmonella strains used in this study (Table S2) are isogenic   95 derivatives of Salmonella enterica serovar Typhimurium 14028 (American Type Culture Collection) and were 96 constructed using P22 HT105/1 int-201 (P22)-mediated transduction (Maloy et al. 1996) . SOC was used for the 97 recovery of transformants (Maloy et al. 1996) . Luria-Bertani (LB) medium containing 10% tryptone, 5% yeast 98 extract, and 5% NaCl was the standard medium used in experiments for growth of bacteria in aeration. Bacterial 99 strains were grown at 37 o C except for the strains containing temperature sensitive plasmids pCP20 and pKD46 100 (Cherepanov & Wackernagel 1995; Datsenko & Wanner 2000) which were grown at 30 o C. Antibiotics were used at 101 the following concentrations: 100 µg/ml ampicillin (Ap); 20 µg/ml chloramphenicol (Cm); 50 µg/ml kanamycin 102 (Kn); 25 µg/ml tetracycline (Tet); 50 µg/ml apramycin. Enzymes were purchased from Invitrogen or New England
103
Biolabs and used according to the manufacturer's recommendations. Primers were purchased from IDT Inc.
104
Deletion of various genes and concomitant insertion of an antibiotic resistance cassette was carried out 105 using lambda Red-mediated recombination (Datsenko & Wanner 2000; Yu et al. 2000) as described in (Ellermeier 106 et al. 2002) . The end-points of each deletion/insertion are indicated in Table S2 . The appropriate insertion of the 107 antibiotic resistance marker was checked by P22 linkage to known markers and/or PCR analysis. In each case, the transduction. In some cases, antibiotic resistance cassettes were removed using the temperature sensitive plasmid 110 pCP20 carrying the FLP recombinase (Cherepanov & Wackernagel 1995) .
111
We have noted that the original phoQ24 constitutive mutant strain (Miller & Mekalanos 1990; Gunn et al. 112 1996) has a secondary mutation(s) that affects hilA expression (data not shown 
118
Transcriptional and translational lac fusions to hilD were generated by FLP-mediated integration of fusion 119 plasmids as described by Ellermeier et al. (2002) . 
124
β-galactosidase assays: β-galactosidase assays were performed using a microtiter plate assay as previously 125 described (Slauch & Silhavy 1991) on strains grown under the indicated conditions. β-galactosidase activity units 126 are defined as (µmol of ONP formed min -1 ) x 10 6 / (OD 600 x ml of cell suspension) and are reported as mean ± 127 standard deviation where n = 4. Cultures grown in standard SPI1 inducing conditions were initially inoculated into 128 LB (0.5% NaCl), grown for 8-12 hours, then subcultured 1/100 and grown statically for 18-22 hours in 3 ml LB with 129 1% NaCl (high salt LB, HSLB) in 13 x 100 mm tubes. LB, or LB without NaCl (NSLB) were used where indicated.
RESULTS

Rationale and approach:
We have previously shown that HilE, FliZ, and Fur control 131 hilA expression via HilD (Ellermeier & Slauch 2008; Lin et al. 2008; Chubiz et al. 2010) . 132
Indeed, the amassed data suggest that HilD is the primary point of integration of regulatory 133 signals into SPI1, but only a fraction of the many systems that have been implicated in SPI1 134 regulation have been examined. We utilized a series of genetic tests that allowed us to group 135 additional regulatory factors into distinct classes based on how they feed into the SPI1 regulatory 136 circuit. For each of the systems to be studied, we created a deletion in the regulatory gene of 137 interest and transduced this deletion into a series of backgrounds. Alternatively, we tested the 138 series of strains under a given environmental condition or in the presence of an added compound. 139
Initially, we tested whether a given regulatory factor affected hilA expression under the 140 indicated growth conditions in both wild type and hilD null backgrounds using a hilA-lacZ 141 transcriptional single copy chromosomal fusion (Lin et al. 2008) (Fig. 2A) . The effect of a 142 regulatory mutation on hilA expression in a hilD null background is difficult to accurately 143 determine because hilA expression is greatly reduced in the absence of HilD; SPI1 is effectively 144 shut off. Thus, to distinguish whether factors regulate hilA via HilD, or independently of HilD, 145
we placed rtsA expression under the control of a tetracycline-inducible promoter (tetRA-rtsA). 146
This allowed us to induce rtsA, with concomitant induction of hilA (and hilC) expression, 147 independently of HilD (Fig. 2B ). Under these conditions we could clearly see if a mutation of 148 interest has an effect on hilA expression in the absence of HilD. 149
In addition, the effects of the regulatory mutations/conditions on hilD transcription and 150 translation were studied using a hilD-lac transcriptional and hilD'-'lac translational fusion, 151
respectively. Both hilD fusions have the same fusion joint at +67 from the start site of 152 transcription, corresponding to 11 amino acids into the open reading frame. These fusions were 153 constructed in the hilD locus in the Salmonella chromosome, and thus these strains are hilD 154 nulls. This allows us to monitor transcription and translation of hilD without the complication of 155
HilD autoinduction (Fig. 2C) . 156
The effects of various regulatory mutations and environmental conditions on SPI1, 157 studied using the fusion constructs outlined above, are summarized in Table 1 clearly affects HilD protein activity (Ellermeier & Slauch 2008; Chubiz et al. 2010) and serves 168
as an important example in the following experiments. In our series of assays, deletion of hilE 169 resulted in a 4-fold increase in β-galactosidase activity from the transcriptional hilA-lac fusion 170 (Fig. 3A) , while it had no effect in a hilD null background. However, the absence of HilD 171 resulted in a very low level of hilA expression. Therefore, it remained possible that HilE 172 functions downstream of HilD, for example at the hilA promoter, but that this regulation is not 173 evident in the hilD null background. To distinguish whether HilE regulates hilA via HilD, we 174 induced hilA (and hilC) transcription in the presence or absence of HilD by the addition of 175 increasing concentrations of tetracycline in a tetRA-rtsA background. If HilE controls hilA 176 expression via HilD, we should no longer see the effect of a hilE deletion in the hilD null 177 background. In the hilD + tetRA-rtsA strain, in the absence of tetracycline, loss of HilE caused a 178 7.5-fold increase in hilA transcription. Moreover, at higher Tet concentrations, HilE-dependent 179 regulation was evident when HilD was present (Fig. 3B) , although regulation became less 180 dramatic. This is consistent with the proposed interaction of the HilE and HilD proteins; there is 181 not enough HilE available to bind the overproduced HilD. In the absence of HilD, at 1µg/mL 182 tetracycline, hilA-lac expression reached the level observed in the wild type strain (compare with 183 Fig. 3A) . But under these conditions, deletion of hilE had no effect on tetRA-rtsA driven hilA 184 expression in the absence of HilD. This result confirms that HilE works through HilD, which is 185 consistent with previous data (Baxter et al. 2003; Chubiz, J.E. and J.M. Slauch, unpublished) . 186
In theory, HilE could regulate hilA expression by controlling transcription or translation 187 of hilD. If this were true, we would expect that loss of HilE would have an effect on the hilD-lac 188 transcriptional and/or hilD'-'lac translational fusion. (Both are located at the hilD locus, and are 189 hilD nulls.) However, the absence of HilE had no effect on the hilD-lac transcriptional and 190 hilD'-'lac translational fusions, showing that the presence of the functional HilD protein is 191 required for regulation (Fig. 3C) . These results again are consistent with the known mechanism 192 of HilE acting at the level of HilD protein. 193 We have previously provided evidence that the flagellar protein FliZ positively regulates 194 hilA expression via HilD protein and showed that FliZ, like HilE, had no effect on hilA 195 expression in the absence of HilD (Chubiz et al. 2010) . Results in Figure S1 show that the hilD-196 lac transcriptional and translational fusions were also not affected by the loss of FliZ, confirming 197 that FliZ controls hilA expression via the post-translational control of HilD. In our previously 198 published data, we also showed that both HilE and FliZ were able to regulate an ectopically 199 expressed HilD protein (Chubiz et al. 2010 (Chubiz et al. 2010 ) and data not shown). Below we show that HilE, EnvZ, and 208
FadD also act independently of FliZ. Note also that while data suggest that HilE regulates HilD 209 activity via direct interaction, we can make no such conclusion about FliZ, EnvZ (a two-210 component sensor kinase) or FadD (encoding acyl-CoA synthetase). These factors could 211 certainly act indirectly; we are concluding only that they ultimately affect SPI1 via control of 212
HilD protein activity. 213
Class II. Control of hilD mRNA stability/degradation or translation initiation: Class 214 II regulators function through HilD to control hilA expression, but do so by controlling hilD 215 mRNA stability or translation. The BarA/SirA two-component system is a known positive 216 regulator of SPI1 (Johnston et al. 1996; Altier et al. 2000; Lawhon et al. 2002; Ellermeier et al. 217 2005; Ellermeier & Slauch 2007 ; Van et al. 2008; Martinez et al. 2011) . SirA controls the 218 transcription of two RNAs, CsrB and CsrC, that are antagonistic to the RNA-binding protein 219
CsrA (Romeo 1998; Weilbacher et al. 2003; Fortune et al. 2006) . We have previously shown 220 that SirA-dependent regulation of hilA requires both HilD (Ellermeier et al. 2005) and CsrA 221 (data not shown; (Ellermeier & Slauch 2007) , and Martinez et al. recently showed that CsrA 222 directly binds the hilD mRNA near the ribosome binding site to block translation (Martinez et al. 223 2011) . In our system, deletion of sirA resulted in a 2.5-fold decrease in hilA transcription (Fig.  224 4A). Figure 4B shows that while the sirA deletion decreased hilA expression in the presence of 225 HilD, it had no effect on the hilA expression when hilA was being activated by the tetRA-rtsA 226 construct at 1µg/mL tetracycline in the absence of HilD. This result confirms that SirA controls 227 hilA via HilD. However, in striking contrast to Class I regulators, both the hilD-lac 228 transcriptional and the hilD'-'lac translational fusions were regulated by SirA in the absence of 229
HilD protein (Fig. 4C) , consistent with the RNA-binding protein CsrA acting at the level of the 230 hilD mRNA to control stability or translatability. Thus, the pattern of expression observed in our 231 system confirms that SirA functions through HilD, acting at the level of hilD mRNA. have a significant effect on hilA expression in rich medium (HSLB). In these experiments, we 246 are using the phoQ24 constitutive mutation which results in a hyperphosphorylation of the PhoP 247 response regulator (Miller & Mekalanos 1990; Gunn et al. 1996) . Introduction of the phoQ24 248 constitutive allele caused a 10-fold reduction in hilA transcription (Fig. 5A ). In the tetRA-rtsA 249 strain, the phoQ24 mutation caused a decrease in hilA expression regardless of the presence or 250 absence of HilD (Fig. 5B) . Thus, the phoQ24 effect on hilA expression is independent of HilD. 251
Results in Figure 5C showed that the hilD-lac transcriptional and the hilD'-'lac translational 252 fusions were not regulated in phoQ24 background indicating that the PhoPQ system does not 253 affect hilD transcription or translation. The simplest explanation for these results is that the PhoP 254 response regulator acts directly or indirectly at the hilA promoter. However, it was possible that 255
PhoPQ regulates hilA through HilC or RtsA. Therefore, we measured the effect of the phoQ24 256 allele on hilA expression in hilC null, or rtsA null backgrounds. Results in Fig. S10A clearly 257
showed that the PhoPQ effect on hilA expression was independent of either HilC or RtsA. 258
In addition to PhoPQ, the global regulator Fnr, as well as the effect of adding dimethyl 259 sulfide (DMS) to the growth medium, belongs in Class III (Figs. S8, S9) . Interestingly, despite 260 the fact that Fnr is a negative regulator of hilA expression independent of HilD, the hilD'-'lac 261 translational fusion showed a slight decrease in activity in the absence of Fnr. This phenomenon 262 is likely attributed to the pleiotropic effects of the fnr deletion (Fink et al. 2007 ). Fnr controls a 263 large number of genes in anaerobic conditions, so the loss of Fnr could potentially affect SPI1 264 through more than one mechanism. However, repression of SPI1 independently of HilD is a 265 predominant mechanism of Fnr action based on our data. We have also shown that both DMS 266 and Fnr act independently of HilC or RtsA (Figs. S10B and S10C, respectively). These results 267 confirm that DMS and Fnr act at the level of hilA. To determine whether DMS and Fnr acted via 268 PhoPQ, their effect on hilA expression was tested in a phoPQ null background. The resulting 269 data in Figure S10D (Fig. 6A) . 279
This increase was also evident in the hilD null strain, although the absolute level of expression 280 was decreased. With hilA expression driven by increasing concentrations of tetracycline in the 281 tetRA-rtsA strain, loss of Hha still resulted in hilA induction (Fig. 6B) . Deleting hilD in this strain 282 did not abolish the Hha regulation showing that Hha acts independently of HilD. Not 283 surprisingly, the hilD-lac transcriptional and translational fusions were also regulated by Hha 284 (Fig. 6C) . Thus, we conclude that Hha does not require HilD protein, but rather regulates both 285 hilA and hilD (as well as hilC and rtsA) transcription. 286
In Figures S11 and S12 we showed that nucleoid proteins Fis and HU also independently 287 control both hilA and hilD transcription. In addition to nucleoid proteins, the RfaH and RelA 288
SpoT deletion mutations, as well as the presence of butyrate, resulted in similar expression 289 profiles (Figs. S13, S14, S15). Changes in temperature likely affect hilA independently of HilD, 290 with H-NS implicated in this regulation (Ono et al. 2005) .Whether some of these additional 291 factors and conditions function through H-NS/Hha remains to be determined. 292
Class V. Regulation by Fur:
The global transcriptional regulator Fur has been placed in 293 a separate class V (Fig. S16 ) due to the fact that Fur requires both the HilD protein and hilD 294 promoter to regulate hilA (Ellermeier & Slauch 2008 ). More recently, it was proposed that Fur 295 activates hilA by repressing H-NS (Troxell et al. 2010) . Together, these data suggest that Fur 296 might activate SPI1 by reducing the H-NS-mediated silencing of the hilD promoter region and 297 thereby lowering the threshold of HilD required to activate the hilD promoter, as we originally 298
proposed (Ellermeier & Slauch 2008 ). However, Teixido et al. propose that Fur acts directly at 299 the hilD promoter (Teixido et al. 2011 ). Further analysis is required to determine the exact 300 mechanism of Fur activation of SPI1, but in our hands, Fur behaves differently than other factors 301 characterized here. 302
Other regulators not characterized here: We are not presenting results for the some of 303 the regulators listed in Table S1 due to the fact that the phenotypes conferred by these 304 mutations/compounds (fimZY, mlc, lrp, pmrM, cpxA, ygdP/apaH, ramA, mitomycin, hydrogen 305 peroxide) were not robust enough to draw conclusions under the conditions used in this study. 306 Also, we have not characterized the effects of a number of regulators and conditions. We have 307 included these so that Table S1 serves as a comprehensive list of factors previously implicated in 308 SPI1 regulation. 309
Regulation via FliZ: Some of the factors that regulate SPI1 do so by affecting 310 expression of the flagellar regulon in Salmonella. We have previously shown that DsbA and 311
RcsCDB regulate hilA through HilD via FliZ (Lin et al. 2008; Chubiz et al. 2010) . In addition, 312 proteases ClpXP and Lon were suggested to affect hilA expression by indirectly or directly 313 affecting FliZ levels (Kage et al. 2008; Chubiz et al. 2010) . Published transcriptomic datasets 314 reveal that SPI1 and flagellar genes are co-regulated in response to a number of regulatory 315 signals, including CsrA, YfgL, Fnr, Fis, and RfaH, as well as several environmental conditions 316 (Table S3 ). These factors presumably affect expression or function of the flagellar master 317 regulator FlhD 4 C 2 . Given that the flagellar protein FliZ, controlled by FlhD 4 C 2 , is a significant 318 regulator of HilD activity (Chubiz et al. 2010) , we originally hypothesized that these factors 319 would regulate SPI1 through FliZ. We directly tested this hypothesis by performing tests of 320
epistasis. 321
From published data we know that FliZ controls hilA expression independently of 322 First, we tested the Class I factors. Since our data show that each functions at the level of 330 HilD protein, it is possible that they do so via FliZ. As a control, we tested HilE, which we have 331 previously shown acts independently of FliZ (Chubiz et al. 2010) . As expected, deletion of hilE 332 induced hilA transcription approximately 4.5-fold in both wild type and fliZ null backgrounds 333 (Fig 7) . Moreover, loss of HilE still had an effect on hilA expression when fliZ production was 334 controlled by tetracycline. These results confirmed that HilE functions independently of FliZ to 335 control hilA expression consistent with the previously published data (Chubiz et al. 2010 ). We 336 also tested the other two Class I regulators, EnvZ and FadD, and showed that both regulate hilA 337 independently of FliZ (Fig. S17A, S17B) . 338
The transcriptional regulator TdcA has been suggested to regulate SPI1 via FliZ (Kim et 339 al. 2009 ). The authors reported that a deletion of tdcA, which resulted in less than a 2-fold 340 decrease of fliZ transcription, also decreased expression of hilA. We saw a similar decrease of 341 fliZ expression when the tdcA mutation was introduced (data not shown). However, loss of TdcA 342 caused the same less than 2-fold decrease in hilA transcription in both wild type and in the fliZ 343 null background, as well as when fliZ production was controlled by tetracycline (Fig. S17C) . 344
These results suggest that, while TdcA regulates fliZ transcription, its effect on hilA expression is 345 independent of FliZ. 346
Based on the classification of SPI1 regulators above, we presumed that the Class II-IV 347 regulators cannot function through FliZ, given that these factors do not control SPI1 at the level 348 of HilD protein activity. Using the set of experiments described above, we have confirmed that 349 the Class II-IV factors act independently of FliZ to control hilA expression, as expected (data not 350 shown). Thus, a number of regulatory signals in Table S3 , shown to affect expression of both 351 flagellar and SPI1 genes, appear to control these two systems independently. 352 DISCUSSION Expression of the SPI1 T3SS is controlled by HilD, HilC and RtsA, acting in a complex 353 feed-forward loop to activate the hilD, hilC and rtsA genes, as well as hilA, which encodes the 354 transcriptional activator of the T3SS structural genes (Fig. 1) . HilD is the predominant regulator 355 of the system, while HilC and RtsA act as amplifiers of activating signals (Ellermeier et al. 2005; 356 Saini et al. 2010a) . For years, numerous regulatory systems and conditions have been added to 357 the growing list of factors that affect SPI1 expression. In this study, we determined where a 358 number of these factors feed into the regulatory circuit. In agreement with the feed-forward loop 359 model, we show that most of the known SPI1 regulators function via HilD. Based on previously 360 published (Baxter et al. 2003; Ellermeier et al. 2005; Ellermeier & Slauch 2008; Lin et al. 2008) 361 and unpublished data, we hypothesized that the majority of regulators would function 362 posttranslationally through HilD. However, our study shows that the regulation of SPI1 is more 363 complex, with control exerted at multiple levels (Fig. 1) . 364
Class I regulators work posttranslationally at HilD, controlling some aspect of HilD 365 protein activity and/or stability. One of these, HilE, is a negative regulator of SPI1 that directly 366 binds HilD protein (Baxter et al. 2003; Chubiz, J.E. and J.M. Slauch, unpublished results) . We 367 recently reported that the positive regulator FliZ acts independently of HilE to control HilD 368 protein activity (Chubiz et al. 2010) . Although the exact mechanism of action of EnvZ and FadD 369
has not been elucidated, they apparently affect factors independent of HilE and FliZ that work at 370 the level of HilD protein and control some aspect of its function. 371
Class II regulators include those that affect hilD mRNA translation and/or stability. SirA 372 activates expression of the csrB and csrC RNAs, which antagonize the action of CsrA (Romeo 373 1998; Weilbacher et al. 2003; Fortune et al. 2006) . CsrA protein binding to hilD mRNA prevents 374 translation of the hilD message (Martinez et al. 2011) . Thus, SirA activates hilD expression post-375 transcriptionally. Data from our system are in agreement with this mechanism. In a recent study, 376 the authors concluded that Dam affects hilD mRNA stability (Lopez-Garrido & Casadesus 377 2010), consistent with our results. Loss of YfgL, Ack Pta, or TrkA conferred similar patterns of 378 expression in our fusion strains, suggesting that these regulators control hilD post-379 transcriptionally. The effects of Dam, YfgL, Ack Pta, and TrkA are most certainly indirect, and 380 the details of this regulation remain to be elucidated. 381 SPI1 expression is activated when HilD reaches the threshold required to auto-activate 382 the hilD promoter. HilE acts as a check to keep the system from inadvertently turning on (Saini 383 et al. 2010a) . We envision that the remaining Class I, II, and V regulators, which act positively, 384 are the primary systems responsible for precise induction of the system in conditions favorable 385 for invasion. They act by increasing the level of HilD protein to overcome HilE, and controlling 386
HilD activity, or in the case of Fur, lowering the threshold required at the promoter, such that 387
HilD activates its own promoter as well as induces expression of HilC and RtsA, which then act 388 to amplify and accelerate SPI1 expression (Saini et al. 2010a) . Thus, the external signals that 389 allow Salmonella to determine its location in the small intestine are integrated at HilD and only 390 when the proper combination of signals is received is the system licensed for induction. This 391 regulatory input gets amplified by the feed-forward regulatory loop to induce hilA, resulting in a 392 full activation and timely production of the SPI1 T3SS. 393
After invasion has been accomplished, or when conditions are not favorable, the SPI1 394 system needs to be shut off. Factors in Class III (and perhaps some in Class IV) act at the level of 395 hilA or affect all SPI1 promoters, respectively, providing a potentially fast turn-off mechanism 396 that bypasses the feed-forward loop. PhoPQ, a two-component regulatory system known to 397 negatively affect SPI1, and classified as Class III, acts at the hilA promoter. A putative PhoP 398 binding site in the hilA promoter region was predicted computationally by Zwir et al. (Zwir et al. 399 2005) . However, direct repression by PhoP awaits experimental confirmation. The PhoPQ 400 system is activated as Salmonella adapts to the intracellular environment of the macrophage 401 (Groisman 2001) and SPI1 is no longer needed. This negative control by the PhoPQ system 402 could allow for the fast turn off of SPI1 expression directly at the level of hilA during the 403 systemic stage of infection. 404
The presence of DMSO-reductases in intestinal bacteria, and the fact that dimethyl 405 sulfide (the product of DMSO reduction) is found in the large intestine of mammals, suggest that 406 this compound could serve as an environmental cue for Salmonella (Suarez et al. 1997; Suarez et 407 al. 1998; Antunes et al. 2010) , although a direct role for dimethyl sulfide during Salmonella 408 infection has not been demonstrated. Antunes et al. (2010) reported that dimethyl sulfide 409 decreased expression of hilA and downstream SPI1 genes, but the mechanism of regulation was 410 not characterized. Our data suggest that dimethyl sulfide inhibits SPI1 expression at the level of 411 hilA independently of PhoPQ. Fnr, a global regulator of anaerobic metabolism, acts as a 412 cytoplasmic oxygen sensor and regulates expression of target genes in response to oxygen 413 availability. Previously, Fnr was suggested to activate SPI1 genes in anaerobic conditions (Fink 414 et al. 2007) . Subsequent studies (Van et al. 2008) and our results have shown that Fnr is a 415 negative regulator of SPI1 gene expression. Fnr also represses SPI1 at the level of hilA 416 independently of the PhoPQ system. Both of these systems could provide a mechanism to shut 417 off the SPI1 system in the large intestine when the bacteria are beyond the point of optimal 418 invasion or are being shed into the environment. 419
Nucleoid proteins H-NS and Hha have been implicated in silencing of horizontally 420 acquired DNA (Navarre et al. 2006; Lucchini et al. 2006) ; activating signals must counteract this 421 repression to turn on the respective genes. H-NS and Hha, members of Class IV, repress 422 transcription by binding to the promoter regions of all SPI1 genes (Schechter et al. 2003; 423 Olekhnovich & Kadner 2006; Olekhnovich & Kadner 2007) . Likewise, we show that nucleoid 424 proteins Fis and HU fall into the same class with H-NS and Hha, acting independently of HilD 425 by presumably affecting all promoters in the system. We do not envision that the overall levels 426 of H-NS/Hha are changing significantly during normal colonization and invasion of the intestine. 427
Rather, HilD, HilC, and RtsA are overcoming the effects of these proteins at the individual 428 promoters and it is the regulation of HilD levels and action that is the key. Only a few other 429 regulators and environmental conditions have been shown to belong to Class IV, including RfaH, 430 temperature, butyrate, and ppGpp. The effect of these regulatory mutations/conditions on SPI1 is 431 likely indirect and further studies are warranted to determine whether they function through H-432 NS/Hha or Fis/HU. 433
Co-regulation of the SPI1 and flagellar genes has been reported in a number of conditions 434 (see Table S3 ), suggesting a regulatory overlap in the two systems. There is certainly a strong tie 435 between the two; FliZ is a significant regulator of HilD activity and has been shown to play a 436 role in Salmonella virulence only during oral infection, the observed virulence phenotype being 437 largely dependent on SPI1 (Chubiz et al. 2010) . A subset of SPI1 regulators enters the circuit via 438
FliZ, including FlhD 4 C 2 , required for the activation of FliZ, and RcsCDB, which represses flhDC 439 expression (Lin et al. 2008; Chubiz et al. 2010) . We also recently published a study showing that 440
Lon protease affects SPI1 expression primarily via FliZ (Chubiz et al. 2010) . TdcA has also been 441 suggested to regulate SPI1 via FliZ (Kim et al. 2009 ). However, our results suggest that while 442
TdcA regulates fliZ transcription, its effect on hilA expression is independent of FliZ. 443
We have tested whether any of the other SPI1 regulators work through FliZ. Based on our 444 classification of SPI1 regulators we would expect that only the rest of Class I factors can 445 possibly function via FliZ. However, we showed that HilE, EnvZ, and FadD regulate SPI1 446 independently of FliZ. The Class II-V regulators also work independently of FliZ, as expected. 447
These results suggest that only a limited fraction of the overall regulatory input into SPI1 is FliZ-448 dependent, despite the facts that FliZ is a significant regulator of HilD and many regulators affect 449 both SPI1 and flagellar gene expression. The reason for coordination of expression of the 450 flagellar genes and the SPI1 genes during infection in the host is not completely understood 451 (Saini et al. 2010c) . Induction of the flagellar regulon might help Salmonella to colonize the 452 intestine of the host (Stecher et al. 2008) . Additionally, flagellin related inflammation is 453 beneficial for Salmonella during intestinal infection (Stecher et al. 2007) . 454
Much work remains to understand the detailed mechanisms by which the various 455 regulatory factors control this critical virulence machine, as well as the relative importance of 456 each during infection. However, we are beginning to comprehend this biological network in 457 some detail. Not surprisingly, the circuit is complex with regulation occurring at multiple levels. 458
High throughput transcriptomic data reveals only the outlines of this regulation. Genetic analyses 459 have been required to uncover the details. This more complete understanding of the regulatory 460 inputs into the SPI1 T3SS provides an important foundation for future analysis. 461 
